Surface scattered sunlight carries important information about the composition and microtexture of surface materials, thus enabling tracing back the geological and climatic processes that occurred on the planetary body. Here we perform laboratory spectro-goniometric measurements of granular samples (45-75 lm fraction) with different composition and physical properties over the VIS-NIR spectral range (0.4-2.5 lm). To quantify the evolution of the scattering properties over the VIS-NIR, we use an inversion procedure based on a Bayesian approach to estimate photometric parameters from the Hapke radiative transfer model. The granular samples are also carefully characterized by optical and SEM techniques in order to link these scattering variations with the grains' physical properties. Results show that the scattering properties are wavelength-dependent and can vary significantly over the VIS-NIR spectral range. In particular, the phase function of a granular material is affected by both the absorptivity and the external and internal structure of the grains, from the millimeter scale down to the wavelength scale. Our results also confirm that the macroscopic roughness parameter, as defined by Hapke, is to first order correlated with the absorptivity of the particles, through multiple scattering effects, and thus mostly corresponds to a measurement of the particles shadowing. Photometric datasets, typically obtained at a given wavelength that can vary from one study to another, should therefore be compared and interpreted with caution when extrapolating across wavelengths. Our results also suggest that multi-wavelength photometry could potentially provide a much richer signature than with single-wavelength photometry, opening new perspectives into the characterization of surface materials.
Introduction
As solar light penetrates into a surface, it is partially reflected back by interaction with its constituents and structures. The reflected signal exhibits variations with both the wavelength and the illumination/viewing geometry. In particular the spectral dimension (spectroscopy) of this signal gives constraints on the surface material composition through absorptions bands, whereas the geometric dimension (photometry) can be used to infer the surface material physical properties (e.g. grain size, shape, roughness, internal structure). Determining the microtexture is crucial and can be used as a tracer for identifying and characterizing the geological processes responsible for the formation and evolution of the surface. For instance, grain roundness and roughness can provide information about the duration and the efficiency of erosion/transportation by wind or water.
Photometric studies have been performed by numerous spaceborne and in situ missions, showing that the surfaces of planetary bodies in the Solar System exhibit photometric variability, suggesting a diversity of material microtextures. In particular, the surface of the Moon (e.g. Helfenstein and Veverka, 1987; Shkuratov et al., 1999 Shkuratov et al., , 2011 , asteroids (e.g. Helfenstein and Veverka, 1989; Helfenstein et al., 1994 Helfenstein et al., , 1996 Domingue et al., 2002; Newburn et al., 2003; Hillier et al., 2011) and planets (e.g. Veverka et al., 1988; Johnson et al., 2006a,b; Jehl et al., 2008; Fernando et al., 2013 Fernando et al., , 2015 have been studied. These photometric studies are generally performed at one or a couple of wavelengths in the visible and/or very near-IR. To interpret these datasets, http://dx.doi.org/10.1016/j.icarus.2015.12.029 0019-1035/Ó 2015 Elsevier Inc. All rights reserved. models have been developed to better understand how the grains' physical properties affect light scattering (e.g. Hapke, 1981 Hapke, , 1984 Hapke, , 1986 Douté and Schmitt, 1998; Shkuratov et al., 1999 Shkuratov et al., , 2005 Stankevich et al., 1999; Mishchenko et al., 1999; Hapke, 2002 Hapke, , 2008 Stankevich and Shkuratov, 2004; Shkuratov and Grynko, 2005; Pilorget et al., 2013 Pilorget et al., , 2015 . Laboratory experiments have also been conducted on various samples (e.g. McGuire and Hapke, 1995; Shepard and Helfenstein, 2007; Shkuratov et al., 2007; Souchon et al., 2011; Pommerol et al., 2013) at one or a couple of wavelengths in the visible and/or very near-IR, similar to spaceborne acquisitions.
Many works have enabled some basic characterization of the surface microtexture using the Hapke model, though uncertainties remain on how to translate the signal variations into unambiguous surface physical properties (e.g. Shepard and Helfenstein, 2007) . Hapke model indeed constitutes an efficient and quick way to describe the spectro-photometric datasets with few parameters, making it relatively easy to invert the data. In particular, several aspects that can be linked to geological/climatic processes are being investigated: the absorptivity of the particles (through the single scattering albedo), the scattering properties of the particles (through the phase function) and the macroscopic roughness. For simplicity, many studies of planetary surfaces with remote sensing data commonly assume that the photometric parameters do not vary with wavelength (except the single scattering albedo); however, this assumption is not inherent to the Hapke model (Hapke, 1993) .
The phase function characterizes the way light is scattered by the grains and depends on different parameters such as the grain size, shape, roughness, internal structure and absorptivity. Such dependency has been examined by numerous studies, both using laboratory measurements (e.g. McGuire and Hapke, 1995; Shepard and Helfenstein, 2007; Souchon et al., 2011; and numerical modeling (e.g. Grundy et al., 2000) . Previous experimental studies that tried to link grains' physical properties with phase function focused their analysis on one or a couple of wavelengths in the visible and/or very near-IR (0.4-1 lm). They did not show clear variations of the phase function over these few wavelengths (e.g. Souchon et al., 2011) , but some have suggested a possible link between the albedo and the phase function (e.g. Cord et al., 2003; Johnson et al., 2006b,a) . In particular, laboratory work by Mustard and Pieters (1989) measured the phase function of a few primary minerals over a few tens of wavelengths in the 0.5-1.6 lm spectral range in order to evaluate how knowledge of photometric properties could help in abundance estimation and showed some limited variability over this spectral range.
Hapke derived parameter h, commonly named ''surface macroscopic roughness", actually measures shadowing at the surface of a planetary body, or by extension, of a macroscopic lab sample. Hapke (1984) noted that parameter h actually integrates all shadowing components at various scales from the wavelength scale to the sensor spatial resolution. Below the wavelength scale, diffraction dominates and shadowing no longer exists. Shepard and Campbell (1998) and Cord et al. (2003) have actually shown that the dominant contributor was the shadowing at the smaller scales. In particular Shepard and Helfenstein (2007) observed that despite efforts to make the surfaces of granular samples as macroscopically smooth as possible, significant ''surface roughness" was observed. Since parameter h actually measures the shadowing, it is expected to not only depend on the grain/rock size distribution and organization at the surface but also on the transparency and scattering behavior of the particles. Several studies, showing that high albedo surfaces exhibited a lower parameter h, have indeed suggested that shadowing is reduced when multiple scattering increases (Buratti and Veverka, 1985; Shepard and Campbell, 1998; Shkuratov et al., 2005) . The scattering behavior at the particle scale should also impact the shadowing (Shepard and Campbell, 1998) .
All photometric parameters may, thus, vary with the grains physical/compositional properties, and by extension with the wavelength. Questions, however, remain: to what extent do the different photometric parameters (absorptivity, phase function, macroscopic roughness) evolve over the full VIS-NIR spectral range (0.4-2.5 lm), commonly used in remote observations of planetary surfaces? What is the link with the grains' microtexture and absorption properties? In particular, this raises the question of whether the spectral dimension can contribute to the qualitative/ quantitative assessment of the physical properties of surface materials.
Here we perform spectro-goniometric measurements of different kinds of granular samples that were carefully characterized, coupling the spectral and geometric dimensions to analyze their scattering behaviors.
Our main objectives are:
1. To quantify the spectral evolution, i.e. evolution with wavelength, of the observed phase curve with photometric parameters. 2. To determine what link exists between this evolution and the grains' physical and compositional properties and what spatial scale controls this behavior. 3. To discuss the contribution of the spectral dimension in photometry and more generally the coupling of photometry and spectroscopy at multiple wavelengths.
Samples' description

Introduction
In the scope of this study, we tested five different mineral samples, with various chemical and physical properties: a basalt (from Medicine Lake Oregon Wyatt et al., 2001, ''BAS79-3b") , an anhydrous basaltic glass (from the Big Island, Hawaii, Wyatt et al., 2001, ''BasGl") , an olivine (from the San Carlos formation, ''OLV"), a nontronite (Fe-rich smectite obtained from the Clay Mineral Society, ''NG1") and a magnesite (Mg-carbonate, from Wards mineral supply, ''MGC") previously used in Ehlmann (2010) . These five mineral samples were crushed and then sieved to limit the grain size to the 45-75 lm fraction so as to eliminate strictly particle size effects from influencing the study. This grain size was already available from prior work; is over an order of magnitude greater than the wavelengths of light under study, making a geometric optics approximation of scattering valid; and also is compatible with having a large population of grains within the RELAB spectro-goniometer field of view (4-mm diameter in size at nadir).
The sample preparation process may itself influence the roughness and shape of particles relative to a natural sample. Polycrystal grains might also become pure single crystals as the grains are crushed. The intent here was to encompass a range of compositional types and explore systematic differences in photometric properties under identical preparation procedures, i.e., physical processes, though artificial. These five samples thus appear ideal for the purpose of this study as described in further sections.
The granular samples were first analyzed with a binocular microscope (Fig. 1) , to characterize the main physical properties at millimeter to sub-millimeter scale and control the grain size distribution. The samples were then analyzed with a scanning electron microscope (SEM) from the Caltech -GPS Division Analytical Facility (ZEISS 1550VP Field Emission SEM) (Figs. 2-6 ). Images were acquired at different scales to characterize the structure and surface properties of the granular samples from the millimeter down to the visible/near-infrared wavelength scale, allowing resolution of details of the surface texture (e.g. degree of surface roughness, fractures). EDS (Energy-dispersive X-ray spectroscopy) was also used, simultaneously with SEM, to confirm the samples' composition and its potential variation within the grains.
Basalt
The basalt sample BAS79-3b was sampled in Medicine Lake Highland. The rock displays moderately abundant plagioclase phenocrysts in a groundmass of plagioclase and pyroxene (Gerlach and Grove, 1982; Wyatt et al., 2001) . Once ground and sieved to the 45-75 lm fraction, the granular sample appears as an intimate mixture comprised of two different phases (Fig. 1a) . About half of the grains have a complex structure composed of multiple mafic minerals (plagioclase, ortho-and clino-pyroxenes, olivine, glass). The grains' surface reveals the heterogneity of the compositional, structural and mechanical properties of the initial rock and is dominated by rather smooth facets from a few to $10 lm diameter ( Fig. 2b and c) . Some smaller scale roughness (below the micron scale) can sometimes be observed in some spots. The presence of a few submicron to micron scale grains at the surface of the large 45-75 lm grains can be noticed. The clinging fines most likely have been produced by the grinding of the initial sample: their composition is similar to the composition of the larger grains. The second half of the grains are isolated plagioclase crystals, separated from the initial rock. Their shape is angular (Fig. 2d ) with large very smooth and flat facets exhibiting almost no roughness in the SEM observations (down to $0.1 lm scale). A few flaws caused by cleavage can, nonetheless, be seen sometimes. Most of these grains appear as pure plagioclase crystals, but in some of them, a few inclusions can be noticed (Fig. 1a) . Some submicron to micron scale grains can also be observed at the surface of the large plagioclase crystals. Their composition is consistent with clinging fines of plagioclase caused by the grinding.
Basaltic glass
The anhydrous basaltic glass sample comes from the Big Island, Hawaii (Wyatt et al., 2001) . Once ground and sieved, the grains' shapes appear angular (Figs. 1b and 3 ) with large very smooth and curvilinear or flat facets exhibiting no roughness in the SEM observations (down to $0.1 lm scale), except a few striations due to cleavage. Random spots of a few microns diameter were chosen to characterize the composition, which appears homogeneous. Some submicron to micron scale clinging fines of basaltic glass can also be observed on the surface of larger grains.
Olivine
The olivine sample comes from the San Carlos formation (natural $Fo90 olivine, of mantle xenolith origin) (Frey and Prinz, 1978) . Once ground and sieved, the grains look similar to the basaltic glass sample, with angular shapes and large facets (Figs. 1c and 4a) . Flaws caused by cleavage are, however, very common creating micron scale roughness (Fig. 4b and c) . Some submicron to micron clinging fines of olivine are also common on the surface of the large olivine grains. Rare inclusions of iron oxides have also been observed in a few grains.
Nontronite
The nontronite sample (iron-rich smectite) has been obtained from the Clay Mineral Society (NG1 sample) (Schneiderhorn, 1965) . It is originated as diagenetic pore fill in a sandstone from Hohen Hagen, Germany; the much larger quartz sand grains were removed during sieving. After grinding and sieving, the dominant structures appear to be clay particle aggregates with various shapes (Figs. 1d and 5a and b) composed of much smaller particles with most likely a submicron size (Fig. 5c ). Roughness varies considerably from one grain to another but appears complex with structures from the submicron to the micron scale. Grains from this sample were put into an epoxy resin and eroded manually to highlight their complex fibrous and layered structure (Fig. 5d ).
Magnesite
The magesite sample (Mg-carbonate) comes from Wards mineral supply. Once ground and sieved, the grains appear as aggregates with significant porosity (Figs. 1e and 6). The sample thus is composed of large 45-75 lm grains with numerous small submicron to micron scale grains ( Fig. 6b and c) . Similar to the nontronite the structural unit is most likely at the submicron scale. Roughness also appears complex with structures from the submicron to the micron scale.
Photometric analysis
3.1. Method
Data acquisition
The granular samples' spectro-photometric properties were analyzed with the goniometer at the RELAB facility at Brown University (e.g. Mustard and Pieters, 1989) except for the olivine sample for which was used a spectro-goniometer setup developed at Caltech and that utilized a VIS-NIR ASD spectrometer. Tests performed with the basalt sample on both spectro-goniometer setups show a good consistency (see Supplementary Material). The bidirectional reflectance of these different samples were acquired at different geometries from 0.4 to 2.5 lm with a 0.01 lm step (0.001 lm with the Caltech setup). The incidence angle was set to an intermediate value of 45°and the bidirectional reflectance was measured in the principal plane at various emergence angles from À70°to +70°. Such measurements in the illumination plane with phase angles ranging from 15°to 115°are indeed sufficient to characterize the scattering behaviors of the samples and their potential variations using the Hapke model (Schmidt and Fernando, 2015) (except for the opposition effect, which would require phase angles lower than 15°). A Labsphere Ò Spectralon sample was used as a reference target. This sample behaves closely as a perfect diffuser. Its reflectance is above 0.99 from 0.4 to 1.9 lm and above 0.95 from 1.9 to 2.5 lm. Its photometric behavior is close to lambertian. Data were corrected to take into account these two effects (nonlambertian behavior and reflectance <1), except the olivine data which were only corrected for the non-lambertian behavior. Reflectance spectra of samples (i = 45°, e = 0°) are shown in Fig. 7 .
Inversion method
To quantify the evolution of the photometric behavior of each sample with the wavelength, we used the procedure developed by Fernando et al. (2013 Fernando et al. ( , 2015 using the fast implementation strategy of Schmidt and Fernando (2015) . This methodology uses a Bayesian approach to estimate photometric parameters from the Hapke model (Hapke, 1993) . This technique is based on the concept of the state of information, characterized by a probability density function (PDF) (Tarantola and Valette, 1982) . The prior information about model parameters (no information is defined as uniform PDF) combined with prior information about observations (a Gaussian PDF) are fused to infer the solution by using Bayes theory. The final state of information (posterior PDF of each parameter) is numerically sampled, using a Monte Carlo Markov Chain (Mosegaard and Tarantola, 1995) with an adaptative Metropolis method (Schmidt and Fernando, 2015) , to calculate the posterior PDF.
In particular, having access to the PDF (i.e., solution distribution over the whole possible range for each parameter) enables determining (i) if a solution exists (the PDF differs from the a priori uniform PDF) and (ii) if the solution is well-constrained by the reflectance dataset (i.e., Gaussian distribution with narrow deviation around the mean value), thus avoiding the recurrent problem of incoherent variations in photometric inversions that use best fit estimation.
Here for all derived solutions, the PDF is close to a Gaussian shape (i.e., constrained solution by the reflectance dataset). The mean and the standard deviation thus provide good estimators for each Hapke photometric parameter (see Fernando et al. (2013 Fernando et al. ( , 2015 for more details, and Supplementary Material). The advantages of this inversion procedure are that the data uncertainties are taken into account in the model parameter estimation and all parameter assemblages are tested.
The photometric curves were inverted for 100 wavelengths covering the 0.4-2.5 lm spectral range. These inversions have been performed independently for each wavelength and without any assumptions about the continuity of the optical properties with the wavelength. An uncertainty of 5%, that represents the uncertainty on the measurement is used in the inversion procedure.
Photometric parameters
Four photometric parameters are obtained for each wavelength. Two parameters characterize the phase function of the grains (two-lobe Henyey-Greenstein phase function), such that:
with 0 6 b < 1 and jcj 6 1þ3b 2 bð3þb 2 Þ . Here, b is the phase angle. It is equal to 0 if the photon is scattered backward and equal to 180°if the photon is scattered forward. The parameter b describes the angular width of each lobe, whereas the parameter c describes the amplitude of the backward scattered lobe relative to the forward. Thus, a value of c greater than 0.5 indicates that the particle is predominantly backward scattering, and a value less than 0.5 implies a forward scatterer. This phase function is commonly used for photometric studies and parameters b and c have been derived for various planetary bodies (e.g. Domingue and Hapke, 1992; Domingue and Verbiscer, 1997; Fernando et al., 2013; Sato et al., 2014) . Here parameters b and c are derived from the mean of each PDF, respectively. The estimation of parameters b and c might thus be slightly biased compared to the mean value that would be obtained from the 2D PDF combining both parameters b and c because both parameters are dependent (see Schmidt and Fernando, 2015) . The single scattering albedo (parameter x) gives constraints on the absorptivity of the particles, a function of their composition, and their size (0 6 x 6 1). Finally, the parameter h is related to macroscopic roughness, though various studies have shown that it tends to integrate roughness from the macroscopic down to the microscopic scale (see Section 1). The four photometric parameters, x; b; c and h have been obtained independently and without any assumptions with regards to their evolution.
Results
Basalt
The basalt sample exhibits a strong forward scattering behavior with a relatively low reflectance (Fig. 8e) . Parameter x obtained by the inversion model ranges from 0.77 to 0.82 over the 0.4-2.5 lm spectral range. Its evolution with wavelength is fully consistent with the reflectance spectrum, with the minima and maxima of x corresponding to the minima and maxima of the spectrum.
Parameter b ranges from 0.7 to 0.95 and parameter c from 0. to 0.03, which indicates a strong forward scattering medium, consistent with the photometric curves' shape. As described in Section 2.2, the sample is roughly composed of two different kinds of grains: about one half are complex polyphase grains that appear dark in the visible, whereas the other half are plagioclase crystals that appear quite translucent in the visible (Fig. 1a) . In case of such intimate mixture, Pilorget et al. (2015) has shown that the overall parameters b and c of the mixture are mainly controlled by the most abundant and brightest/most transparent grains, i.e. the plagioclase crystals in our case. Their physical properties, described in Section 2.2 are consistent with McGuire and Hapke (1995) who observed that such parameters b and c were obtained for particles with no internal scatterers and low surface roughness. Parameter b tends to continuously decrease from 0.4 to 1.0 lm. In the 1.0-2.5 lm range, parameter b exhibits one minimum at 1.0, and potentially a decrease at 2.15 and 2.35 lm, that corresponds to absorption features in the reflectance spectrum. Parameter c exhibits a slight leap at $0.42 lm and remains almost constant at $0.
longward. Parameter h ranges from 7°to 13°, with a local maximum at 1.0 lm and possibly at 2.15 and 2.35 lm, where parameters b and x also exhibit local minima. These results are discussed in Section 4.
Basaltic glass
Similar to the basalt sample, the basaltic glass sample exhibits a strong forward scattering behavior with a relatively low reflectance level (Fig. 9e) . Parameter x obtained by the inversion model ranges from 0.43 to 0.77 over the 0.4-2.5 lm spectral range. Its evolution with the wavelength is fully consistent with the reflectance spectrum shape. Parameter b ranges from 0.45 to 0.78 and parameter c from À0.03 to À0.005, consistent with a strong forward scattering medium. Basaltic glass is formed by rapid cooling of the magma, with no crystal formation. Such material is, thus, quite homogeneous and does not have internal scatterers. The grains' external surface generally appears quite smooth as described in Section 2.3. Some flaws caused by cleavage can, however, be observed, creating some sort of roughness. These flaws tend to be more common than for the basalt sample. Parameter b is generally lower for the basaltic glass sample than for the basalt, consistent with McGuire and Hapke (1995) results that show that increasing grains roughness tends to broaden the scattering lobe and thus decrease parameter b. Parameter h ranges from 6 to 23 degrees. The evolution of parameters b; h and potentially c, with the wavelength appears correlated with the evolution of parameter x. In particular parameter b follows the same variations as parameter x, except between 0.4 and 0.5 lm where parameter b exhibits a sharp increase. Parameter h is inversely correlated with parameter x.
Olivine
Similar to previous samples, the olivine sample exhibits a forward scattering behavior (Fig. 10e) with a reflectance level that varies from $0.2 to 0.9 at nadir (Fig. 7) . Parameter x obtained by the inversion model ranges from 0.79 to 0.999 over the 0.4-2.5 lm spectral range. Its evolution with the wavelength is fully consistent with the reflectance spectrum shape. Parameter b ranges from 0.24 to 0.4 and parameter c from 0.1 to À0.16, consistent with a broad and forward scattering medium. Olivine grains exhibit an angular shape with rather smooth facets. Many flaws can, however, be observed on their surface. Very few inclusions can also sometime be noticed. Parameters b and c obtained for this sample are consistent with rather rough grains with no internal scatterers in McGuire and Hapke (1995) . The flaws most certainly create some kind of roughness that impacts the scattering behavior. 
Nontronite
The nontronite sample exhibits a slightly forward scattering behavior in the visible spectral range (c $ 0:35-0:55, b $ 0:-0:25) which tends to intensify at longer wavelengths (Fig. 11) . The scattering behavior observed in the visible is consistent with particles with medium density internal scatterers or agglomerates, whereas the scattering behavior observed in the infrared tends to be more consistent with particles with a less developed internal structure, if we follow McGuire and Hapke (1995) framework. This aspect is discussed in Section 4.1. Parameter x obtained by the inversion model ranges from 0.24 to 0.99 over the 0.4-2.5 lm spectral range. Its evolution with the wavelength is fully consistent with the reflectance spectrum shape. Parameter h ranges from 8°to 17°and its evolution appears anticorrelated with parameter x to first order.
Magnesite
The magnesite sample exhibits a strong backward scattering behavior in the visible spectral range (c $ 0:8-0:9, b $ 0:1-0:2). As the wavelength increases towards NIR, the backward scattering behavior attenuates and becomes slightly forward scattering for the larger wavelengths after $2 lm (c $ 0:3-0:5, b $ 0:-0:1) (Fig. 12) . The scattering behavior is consistent with a high density of internal scatterers in the visible, following McGuire and Hapke (1995) framework, and medium to low density of internal scatterers at NIR wavelengths. This aspect is discussed in Section 4.1. Parameter x ranges from 0.98 to 0.996 over the 0.4-2.5 lm spectral range. Its evolution with the wavelength is also fully consistent with the reflectance spectrum shape. Parameter h ranges from 5°to
15°and its evolution appears anti-correlated with parameter x to first order, similar to other samples. 
Discussion
Variation of the phase function over the VIS-NIR spectral range
Parameters b and c taken at 700 nm, a wavelength commonly used in photometric studies, fall within the expected range for the five samples tested, considering the McGuire and Hapke (1995) framework (Fig. 13) . Magnesite and nontronite fall within the parameter space for agglomerates and particles with a medium/high density of internal scatterers. Basalt and basaltic glass fall within the smooth/translucent grains area, and olivine within the rougher grains without or with few internal scatterers. In particular, results obtained for olivine, basalt and basaltic glass samples are in good agreement with Souchon et al. (2011) for similar samples (similar composition, same grain size fraction) acquired at 699 nm. All five samples' parameters b and c evolve considerably over the visible and near-infrared spectral range (0.4-2.5 lm) (Fig. 14) while remaining in the ''L" shape as defined by . The evolution, however, varies from one sample to another (Figs. 15 and 16 ) and is testament to the importance of understanding wavelength dependent phase behavior.
The phase function evolves depending on how light at different wavelengths interacts with the physical properties of the particle. It is sensitive to: (1) the absorptivity of the particle and (2) how the light wave interacts with the external and internal structures. Both aspects are, to a certain extent, coupled in a way that absorptivity changes the photons' path and thus potentially the structures the photons may reach. The parameter a hDi is the product of the material absorption coefficient (a ¼ 4pk=k, with k the imaginary part of the optical index and k the light wavelength) with the mean path length hDi for non-absorbant particles. This parameter is particularly useful for quantifying the absorptivity of the particles and thus the mean photon path length. For a perfect sphere, hDi ¼ 0:9D (Hapke, 1993) , with D the diameter. x; k; n (real part of the optical index) and hDi can be linked through analytical relationships (Hapke, 1993 ) (Appendix A). The real part of the optical index n tends to be almost constant over the VIS-NIR wavelength range. Assuming an intermediate value n ¼ 1:6; k can be derived from
x from the expressions presented in Appendix A. The obtained value, however, constitutes a minimal value since it assumes no internal scatterers in the particle. This is a reasonable assumption for the basaltic glass and the olivine samples, and thus k retrieved values are robust. For magnesite and nontronite samples, which are agglomerates, k retrieved values may, however, be underestimated. Comparisons of k retrieved values with optical constants from Poulet et al. (2008) for the nontronite (derived from Shkuratov et al. (1999) absorbant grains, i.e. the grains that control the overall phase function of the sample (Pilorget et al., 2015) . From k, the parameter a hDi can be directly derived for each sample at each wavelength (Fig. 17 ).
All samples, except nontronite in the range 0.4-0.5 lm, exhibit parameters a hDi < 1 or even (1, which means that rays can be multiple times refracted/reflected on or within the grain's boundaries before being absorbed. In particular, olivine exhibits strong variations of parameter a hDi from 10 À4 to 10 À1 over the VIS-NIR spectral range. These important variations, however, do not involve large changes in the scattering properties of the grains. A small increase of b appears over the same spectral range where there is a large absorption feature at $1.0 lm. Parameter c tends to slightly decrease over the whole VIS-NIR spectral range. We interpret these small scattering variations to be mostly due to the interaction of the light with the particle external structure, which is on some facets rather rough and can be covered with micron scale particles (cf Section 2.4). Indeed the large variations of parameter a hDi over the 10 À4 to 10 À1 range will not affect greatly the scattering properties of the olivine particles. The pattern produced by multiple-times transmitted photons should not be much affected above a few transmissions. The presence of submicron to micron scale particles and flaws at the surface of the grains most likely has an impact on the scattering properties, in particular at the shorter wavelengths, where they can increase the diffusive behavior on the large facets. As the light wavelength increases and becomes greater than the typical size of these structures (particles and flaws), light should be less affected, which might explain the continuous evolution of parameter c over the VIS-NIR range.
Parameter a hDi of basalt and basaltic glass samples only exhibits small variations (factor 3Â at maximum) and remains between 0.09 and 0.12 for the basalt and between 0.1 and 0.5 for the basaltic glass. The case of basalt is quite complex since the granular sample is a mixture of basically two kinds of grains with different composition and physical properties. Angular and amplitude variations of the scattered signal might, therefore, be unrelated (Pilorget et al., 2015) .
Similar to olivine, the basaltic glass sample also exhibits variations of the phase function over the VIS-NIR spectral range. There is, however, no continuous trend in the variations of parameters b and c over the whole VIS-NIR spectral range, i.e. for similar absorptivity properties (parameter a hDi), no clear changes can be particles tend to be less highly anisotropic scatterers for wavelengths in absorptions bands. Parameter ahDi remains, nonetheless, rather low (between 0.1 and 0.5) over the whole spectral range, meaning that photons generally can go through the particles several times, and exhibits limited variability. The scattering behavior evolution is thus likely to be driven by the specific shape and geometry of the particles combined with variations in their absorptivity. While the parameters b and c of olivine, basalt and basaltic glass samples tend to remain in the same area in the c vs. b diagram over the VIS-NIR spectral range (nonetheless exhibiting some clear trends both with increasing wavelength and when absorption bands occur in the spectrum, as discussed previously), the parameters b and c of nontronite and magnesite samples evolve considerably over the VIS-NIR spectral range. In both cases, as the wavelength increases, b and c tend to go through the ''L shape" from the top to the bottom (Fig. 15) . In particular, magnesite, which exhibits a strong backward scattering behavior at 0.7 lm (Fig. 13) , tends to exhibit a forward scattering behavior at $2.4 lm (Fig. 15) . Similar to magnesite, nontronite shows a very different scattering behavior depending on the wavelength, from almost isotropic in the visible to highly forward scattering at $2.4 lm. Importantly, these variations are very progressive over the VIS-NIR spectral range, which we interpret as the variation of the interactions between the incoming light at a given wavelength with the external and internal structures. No clear variations of the phase function with the absorption bands can be observed in the case of magnesite sample. This appears consistent with the idea that when parameter a hDi remains quite low (below 0.01 here), small variations of a hDi due to absorptions features do not affect in a significant way the phase function.
Nontronite exhibits much larger variations of parameter a hDi over the VIS-NIR spectral range. Parameter b tends to decrease around the 1.9 lm absorption band, similar to what was observed for basaltic glass in its absorption bands. Parameter a hDi tends, however, to remain rather low, even in the absorption band (a hDi < 0:12), which may suggest a combination of absorption and geometric factors to explain the observed behavior. Of particular interest is the absorption band in the visible below 0.5 lm. In this specific case, parameter a hDi goes from below 0.1 at 0.5 lm (multiple paths in the grains before absorption) to >1 at 0.4 lm (>65% of the photons are absorbed after passing once entirely through the particle). An important increase of the forward scattering behavior can be observed here (increase of parameter b and decrease of parameter c). This result appears consistent with Grundy et al. (2000) modeling work that shows that between a hDi ¼ 0:3 and a hDi ¼ 3, the phase function tends to be more forward scattering, mostly due to the decrease of the multiple internally scattered rays that would tend to broaden the scattering lobes and increase the backscattering behavior for lower values of parameter a hDi.
These results show that the scattering properties of a granular sample can significantly vary with the wavelength. Both external/internal structure and grains' absorptivity affect their phase function. In particular, the phase function is affected by the structures, from the millimeter scale, down to the wavelength scale.
Variation of the macroscopic roughness over the VIS-NIR spectral range
We can immediately notice that, even though the powdered samples were macroscopically flat and smooth, ''surface roughness" varies between 4°and 23°among the different samples and wavelengths tested, in agreement with Shepard and Helfenstein (2007) results. A clear anti-correlation between the single scattering albedo of the particles (and thus their brightness/transparency) and parameter h is observed (Figs. 8-12 ), which confirms a predominant role of the multiple scattering in reducing the shadowing.
When analyzing more carefully the relationship between parameter h and parameter x, we can notice that the samples with higher albedo roughly tend to appear smoother (Fig. 18) , in agreement with Buratti and Veverka (1985) , Campbell (1998), and Helfenstein (2007) , even though this relationship appears quite complex. If parameter h generally tends to increase as parameter x decreases, it is more or less sensitive depending on the samples. Among the five samples, the basalt (at least the dominant fraction), the basaltic glass and the olivine granular samples appear relatively similar (angular grains with large facets and a narrow size distribution) and exhibit a similar directional trends, albeit with different evolution rates. For example, Fig. 18 shows that for the olivine sample, when x OLV decreases $20%, h OLV only increases by $4°, whereas for basalt, when x BAS decreases $5%, h OLV increases by $5°. For basaltic glass, h BasGl increases by $15°when x BAS decreases by $35%. The parameter h of olivine, thus, appears here as the least sensitive to parameter
x among the three samples. Such comparison should, however, be taken with caution as shadowing is not a linear function of the brightness/transparency of the grains. These results nonetheless show that other effects, such as scattering properties of the grains for example, affect the evolution of the shadowing. In particular, the basalt and basaltic glass samples are the most sensitive among the three samples. They also exhibit a higher parameter b than the olivine sample for similar values of parameter c, which means that the scattering lobes of the grains are narrower for a similar forward/backscattering behavior. This might explain a higher sensitivity of the shadowing to the brightness/transparency of the grains compared to the case where scattering lobes are broad, as in the case for olivine, and where shadowing is less efficient. If for olivine, basalt and basaltic glass, the evolution of parameter h with parameter x exhibits a clear trend, it appears more complex for nontronite and magnesite samples. In nontronite's case, the pattern in Fig. 18 is more diffuse, even though parameter h tends to roughly increase with parameter x decrease. Fig. 11 shows that parameter h exhibits a clear increase where absorption bands are present. It is, however, interesting to note that the large 0.76. This may suggest that for a given sample, shadowing is only affected by the brightness/transparency of the grains up to a certain point where its effect becomes negligible. In magnesite's case, parameter h decreases as parameter x increases in the visible range, but exhibits no large variations in the near-IR. In the mean time, parameter a hDi remains quite low over the whole spectral range even where absorptions are present (a hDi < 0:01). In particular parameter a hDi remains lower than for all other samples, except olivine after 1.6 lm. Multiple scattering patterns in the granular sample should, therefore, be much less affected by the absorptivity spectral variations, compared to the other samples. This effect is also accentuated by the very broad scattering lobes (parameter b between 0. and 0.1 in the 1.0-2.5 lm spectral range).
In the visible, parameter b tends to increase as the wavelength decreases, up to $0.2. This would likely accentuate the effect of the single scattering albedo decrease on parameter h, as observed in Fig. 12 .
When comparing olivine, magnesite and nontronite, we can notice that for similar values of parameter x, these three samples exhibit different values of parameter h. Magnesite and nontronite appear rougher than olivine. This makes sense given the observed structure of the particulates in SEM. As described in Section 2, all samples were ground, sieved and put in the sample container in an identical way. For magnesite, however, the sample is made of aggregates with various sizes with a diameter from submicron scale to a few tens of microns (Section 2.6). We therefore interpret the higher roughness observed for magnesite as a result of the broader grain size distribution: large grains tend to shadow the smaller ones, creating some sort of roughness at the grain size scale. We can notice that nontronite grains have a complex structure and exhibit a large roughness at a scale of typically a few microns. Olivine, however, exhibits large facets with common flaws also creating some sort of small scale roughness, but with a large spatial heterogeneity. We suggest that roughness at fewmicron scale (but still much larger than the wavelength) may explain the higher values of parameter h. As shown in Shepard and Campbell (1998) , small scale roughness has a larger impact on shadowing than large scale roughness for similar mean slope angles values. Rough grains with a complex structure might therefore lead to a higher parameter h than angular grains with large facets, under the assumption that all other parameters are equal. In the current situation, grain overall shape is, however, quite different between olivine and nontronite. It is therefore unclear if the grains' small scale roughness causes the difference in the retrieved parameters h.
Synthesis and future opportunities
We have performed VIS-NIR spectro-photometric measurements on granular samples with various physical properties. These granular samples have been characterized with optical and electron microscope techniques. Photometric parameters, such as single scattering albedo, phase function and macroscopic roughness, have been derived over the full VIS-NIR spectral range, using an inversion model based on a Bayesian approach (Fernando et al., 2013 Schmidt and Fernando, 2015) using the Hapke model. In particular, these parameters have been obtained independently for each wavelength and without any assumptions about the continuity of the optical properties with the wavelength.
Results presented in this paper and discussed in Sections 4.1 and 4.2 have shown that for the derived photometric parameters, the single scattering albedo, as expected, but also the phase function (through parameters b and c) and the macroscopic roughness, are wavelength dependent. In particular these can vary significantly over the VIS-NIR spectral range. Photometric datasets, generally obtained at a given wavelength in the visible that can vary from one study to another, should therefore be compared and interpreted with caution when extending across wavelengths.
Our results show that the phase function of a granular sample is affected by both the external/internal structure, from the millimeter scale, down to the wavelength scale, and the grains' absorptivity. In the case of low absorbing particles with no or limited internal structure, the variations of the scattering pattern over the VIS-NIR spectral range appear to be limited and mostly linked to the external structure and the typical size of these structures. In the case of agglomerates, however, the phase function can evolve considerably and exhibit various scattering behaviors (back/forward scattering, with narrow/broad lobes) over the VIS-NIR spectral range. We interpret this evolution to be linked to the variation of the interactions between the incoming light at a given wavelength and the particles within the agglomerates. The grain's absorptivity also affects the phase function: the more the mean photon path length decreases, the more the grain's absorptivity affects the phase function (i.e. the scattering pattern). In particular, we have observed an increase in the forward scattering behavior when the mean number of photon paths within the particles before absorption decreases from several tens down to less than a few (case of nontronite sample). Tests on samples with similar absorptivity properties will be needed to confirm the latter result.
Our results also confirm that ''macroscopic roughness", as defined by Hapke (1984) , is wavelength dependent. In particular, we have demonstrated that parameter h is to first order correlated with the absorptivity of the particles, through multiple scattering effects. Particles' scattering properties (phase function) also affect macroscopic roughness, though to a lesser extent, such that particles with narrower scattering lobes tend to be more sensitive to absorptivity variations over the spectral range. When the particles are highly transparent (e.g. parameter a hDi < 0:01), multiple scattering tends to strongly limit the impact of these absorptivity variations on parameter h, especially when the scattering properties are close to isotropic. Small scale structures also seem to affect the value of macroscopic roughness, down to the wavelength scale and could explain differences observed for different granular samples, all other properties being similar.
The evolution of the photometric parameters with the wavelength, therefore, appears to be a complex combination of multiple effects related to the grains' physical properties (e.g. size, shape, roughness, transparency) and organization. Importantly these photometric parameters are sensitive to the grains' external and internal structure at various scales from the grain scale down to the sub-micron. While single wavelength photometry can give some constraints on these properties, multi-wavelength photometry (or multi-angular spectroscopy) is capable of much more informative characterization. Particles are ''probed" as the incoming light wavelength evolves. In particular, the evolution of the phase function with the wavelength combined with the absorptivity of the particles can help constrain the internal structure, as well as the typical size of the structures encountered by the photons. It can also provide information about the external structure of the particles, the roughness and its scale. In the scope of this study, only granular samples with a given grain size distribution and a planar surface have been used, thus controlling confounding variables but limiting our investigations on macroscopic roughness. Nonetheless, the results obtained have shown that parameter h evolution with the wavelength and the particle absorptivity can help constrain the grain size distribution and the roughness from the particle down to the wavelength scale. Further characterization of larger scale roughness should be investigated in the future.
The ''photometric spectrum" of a given sample, therefore, appears as a complex fingerprint which could be analyzed and compared, in particular, with lab measurements to retrieve the physical properties. Such multi-wavelength photometric datasets are already available (e.g. CRISM multi-angular spectroscopic measurements of the martian surface) and could be used in the future to complement the mineral identifications performed using nadir measurements with further characterization of the physical properties of the surface material. This will enable the further characterization and/ or identification of geological processes, improving our understanding of the evolution of the planetary body.
